ABSTRACT In this paper, a mobile terminal phased array at 28 GHz with different scan angles is compared with a switch diversity antenna array at 28 GHz in the case of antenna beams pointing at the user's body. In the switch diversity antenna array, there is only one element out of eight operating each time. The paper is carried out in data mode with a standing user, which includes both body blockage and user hand effects. The metrics of coverage efficiency, antenna shadowing power ratio, and isotropic antenna shadowing power ratio are utilized in the investigation. It is found that the scan angle of a phased array higher than 90 • is not necessary for this scenario, because the user body will contribute to the total radiation at large angles by scattering the radiated energy around the body. For the linear phased antenna arrays on the edge of the mobile device ground plane, it can be concluded that in order to achieve the highest coverage efficiency and lowest user shadowing it is more beneficial to use a phased array instead of a switch diversity array. However, if the losses of the phase shifters and the feeding network from the phased array are higher than 5 dB, the switch array can be used, which will also decrease the complexity of a system.
I. INTRODUCTION
Because of the recent technological development in the direction of the fifth generation communication system phased mobile antenna arrays have become a very active research topic. The 5G mm-wave mobile communication system will probably occupy bands in the range from 20 GHz to 40 GHz [1] . At the mm-wave frequencies, the path loss is much higher than at the GSM or LTE frequencies used today. As enabler technology for the 5G in [2] , phased mobile arrays can achieve gains up to 10 dBi, and thus can counteract the high path loss at cm or mm-wave frequencies [3] , [4] . However, to achieve the best spatial coverage performance, the phased array should be scanned. In order to do that, multiple phase shifters and feeding network are required. Phase shifters with large phase shifts are usually lossy, and thus, will decrease the overall performance of the system when large array scan angles are desired. If a switched diversity (SD) array or a phased array with small phase shift can be applied, the loss of phase shifters can be minimized.
The cellular mobile device can have an arbitrary location when used. The conventional LTE and GSM antennas have an omni-directional radiation pattern but in 5G mm-wave systems the directional antennas with beam agility will be used. Thus, the metric for describing the spatial coverage of the 5G antenna system is needed. The concept of coverage efficiency was introduced in [5] . Then, it has been applied in [6] to characterize 5G mm-wave antennas in mobile terminals and quantify the spatial performance. Furthermore, this metric also takes into account the randomness of the mobile terminal orientation when used by a human. Not only the high spatial coverage of the 5G phased antenna array is important but also the user effects on the performance of phased antenna arrays are a significant issue. Recently it has been found in [7] that human shadowing has a significant impact on the performance of the mobile phased arrays at cm/mm-wave frequencies. Not to mention, even at the GSM/LTE frequencies, a shadowing up to −20 dB from the user's head has been observed in [8] . Most interestingly, the body loss of the mobile antennas at the 28 GHz is insignificant in comparison to the power lost in the shadowing region as described in [9] . Contradictory to the GSM/LTE frequencies, not only the user's head but also a full user's body should be considered for the performance verification of a mobile terminal antenna at the cm/mm-wave frequencies. The performance of the phased antenna array will indeed be affected by the user. A small amount of 1 to 4 dB of absorption loss will be induced [9] . Yet, those numbers are very low in comparison to the GSM frequencies, where absorption loss of 10 to 15 dB has been measured. Furthermore, at the user's effect on the de-tuning of operating frequency of the cm/mm-wave antenna is not significant. However, the shadowing at the cm/mm-wave frequencies is more severe than at the GSM/LTE frequencies. Thus, coverage efficiency metric cannot be used alone to verify the performance of the mobile terminal with the user. In order to quantify the shadowing effect at 28 GHz in [9] it has been proposed to characterize the shadowing region by means of Shadowing Antenna Power Ratio (SAPR) and Shadowing Isotropic Antenna Power Ratio (SIAPR). Multiple investigations of the human shadowing have been already done for 60 GHz WLAN, but effects of the human hand and arm have not been considered. In [10] a statistical model for human body shadowing has been proposed, but the model does not include the human hand. And finally, in [11] shadowing dependence on the transmission distance and human position between antennas has been investigated at the frequencies up to 30 GHz. However, the user was positioned between the antennas, and not interacting with the mobile device directly. All things considered, a comparison between a phased mobile antenna array and an SD antenna array has not been studied in user case yet. In this paper, a mobile phased array's and SD array's performance with the user in data mode will be investigated at 28 GHz by applying metrics of SAPR, SIAPR and coverage efficiency. In this investigation, it has been chosen to look at the most challenging scenario from the spatial coverage perspective. In this scenario, the base station is located behind the user and the mobile phased array is pointing towards the user's body as shown in Fig. 1 . In this scenario, the big shadowing area will be created by the user's body. Thus, it is very interesting to investigate if the phased/SD array can be used in order to reduce that shadowing area. The investigation is carried out by simulating monopole mobile phased array with wide scan angle in CST Microwave Studio FDTD solver. In simulations, a full-body phantom holding a mobile terminal in the left hand has been used. Furthermore, the switch diversity characteristics of the same array are investigated by simulations and measurements with the phantom/user.
II. ARRAY FREE SPACE PERFORMANCE
In this paper, the same antenna array has been applied in two manners:
• As a phased array, where different weights are applied on each of the array element and then signals from all elements are summed together. In this study, only the phase has been applied as a weight (imitating real phase shifters in the application).
• As a switch diversity array, where only one antenna is used at a time. In the application, the 1P8T switch could be used for this purpose. One could expect diversity to be implemented through the usage of spatially separated antennas. For the purpose of this investigation, it has been chosen to construct a simple monopole antenna array which is shown in Fig. 2 . One piece of copper of 5 mm height has been added to the design in order to obtain the desired endfire radiation pattern, and suppress the surface wave. Because in the investigation, the wide scan angle of the phased antenna array is needed, the monopole array elements have been applied. The monopole array elements have an omnidirectional radiation pattern characteristics, which makes the perfect for this purpose. The monopole elements have a height of 1.9 mm and distance a between them is 5.5 mm (λ/2).
It has been selected to consider four different scan angles of the array. In Fig. 4 the TSPs of the array with different scan angles. This wide scan angle behavior is expected because each of the antenna elements have a radiation pattern with a wide main beam. Furthermore, the SD pattern of the antenna array is shown in Fig. 4 (e). The SD pattern is calculated by switching among 8 available antennas, instead of using the phase shifters to change the beam direction of the phased array. The SD pattern of the proposed antenna array is considerably weaker.
To investigate the spatial performance of the phased antenna array the coverage efficiency metric is used. Coverage efficiency is defined as [6] :
where maximum solid angle defined as 4π steradians in order to account for the arbitrary angle of arrival and arbitrary orientation of the mobile device. The coverage efficiency is calculated from the total scan pattern with respect to the chosen set of the gain values. Here it has been chosen to use gain values ranging from −10 to 15 dBi. The coverage efficiency of the proposed antenna array in free space is shown for all four chosen phase shift steps in Fig. 5 . The coverage efficiency of SD pattern antenna array is also shown in Fig. 5 . The difference in the coverage efficiency between blue, red and yellow curves is around 10 % at 0 dBi gain and becomes smaller as gain increases. The difference between the dashed curve for the SD pattern antenna array and the worst of the phased antenna array curves is 5 % for the gain range from 0 dBi to 7.5 dBi. It can clearly be seen that phased antenna array is much more efficient than the SD pattern array in free space.
III. USER IMPACT
In this section, the performance of the phased array with different scan angles and the SD antenna array will be investigated with the human phantom in data mode. The simulation setup with the phantom is shown in Fig. 6 . It is important to notice that it is difficult to make the user sit/stand still for a prolonged period of measurement time. The errors due to user movement will lead to the phase instability in the measurement. The beamforming cannot be performed correctly when the measured radiation patterns have an incorrect phase, however when measuring the SD array the phase errors are not important because only magnitude of the radiation pattern is of interest. Thus, the simulations of the phased array are more reliable than the measurements. At this current moment, no standards for human gestures have been defined for cm/mmwave 5G mobile terminals. Thus, it has been chosen to use the proposed full-body realistic phantom [12] and simulate it in CST Microwave Studio FDTD solver. The length of the limbs, body circumference and weight of the phantom has been based on the average values for human male, defined in [13] and [14] . The hand gesture of the phantom complies with the CTIA standards for data mode [15] . The dimensions of the phantom can be found in Table 1 .
The homogeneous full-body male phantom is made of skin tissue with real and imaginary parts of r = 16.5 + j16.5. The parameters of different tissues up to 100 GHz have been measured in [16] . A homogeneous model has been used because at the 28 GHz the waves will not penetrate deep into human tissue. For instance, the skin depth at 28 GHz can be calculated to 1.158 mm if a resistivity of the human tissue of 245 cm [17] has been used in calculations.
A. PHASED ANTENNA ARRAY
The simulated total scan patterns of the phased antenna array with the human phantom are shown in Fig. 7 . It can clearly be seen that more space around the user can be covered if larger scan angle of the antenna array is used, but the power in the shadowing area almost remains the same.
The dependency of the scan angle of a phased array on shadowing antenna power ratio (SAPR), shadowing isotropic antenna power ratio (SIAPR), and coverage efficiency is also investigated, which is shown in Fig. 8 . The SAPR and SIAPR are defined as [9] :
where:
• θ is the window size in θ
• φ is the window size in φ
• P shadow in the window ( θ, φ) is the power in the window of the chosen size.
• P total is the total radiated power (TRP) of the antenna.
• P isotropic is the total radiated power of the isotropic antenna if transmit power is 0 dB. The SAPR and SIAPR metrics describe how much the power in the shadowing area is lower than the TRP of the reference antenna. The SAPR parameter depends on the antenna design, because the TRP of the chosen antenna is used. The TRP will vary, depending of the antenna efficiency. However, the SIAPR parameter is not antenna specific because the TRP of the isotropic antenna is used in the equation, which is constant.
In this paper, the θ window width is constant and chosen to the maximum of 180 • (or 140 • because of the measurement system constraints) because the shadowing from the user's body spans along the full range of the elevation plane. Then, SAPR and SIAPR are calculated for the φ values from 1 to 90 • . In Fig. 8(a) the difference in the SAPR for the phased antenna array performing with different scan angles is very small. It occurred because SAPR metric uses total power as a reference, where total power is not constant. This means that power in the shadow does not change with respect to the total power. However, the SIAPR in Fig. 8(b) have different values for the window sizes larger than θ = 30 • . The difference of 2.5 dB can be observed for the window sizes larger than θ = 30 • . Furthermore, there is no difference in the performance of the antenna arrays with 90 • and 128 • scan angles. The difference in the coverage efficiency is very small for the phased antenna arrays with 58 • , 90 • , and 128 • scan angles due to scattering by the user's body.
B. SWITCH DIVERSITY ANTENNA ARRAY
In this subsection, the SD antenna array performance is measured and simulated by using the same setup, described in Sec. III-A. The simulations have been done in CST Microwave Studio using the time domain solver. The 876 million mesh cells have been used in the simulation. The smallest mesh cell size is 0.044 mm and the biggest mesh cell size is 0.856 mm. The mesh is denser in the locations where the currents are strong. On the other hand, the measurements have been done in the anechoic chamber with a single dual-polarized probe antenna. The resolution of 14 • in the elevation plane and 2 • in azimuth plane has been chosen. The coarse resolution in the elevation plane has been chosen in order to reduce the measurement time. Shorter measurement time will ensure that the person under the test can stand still without significant discomfort. Because of the measurement system limitations, only the elevation angles up to 140 • could be measured. The 10 frequency points have been measured for each position of the probe antenna, however only results at 28 GHz have been presented in this paper. However, a real human specimen has been used in the measurement instead of a phantom. The dimensions of the human under test is shown in Table 1 . Actually, many of the major dimensions of the human and phantom are similar. Furthermore, the simulations and measurements of the SD array are compared to the phased array in this section. The phased array antenna performance has not been measured with the user because the phase is unstable in the proposed measurement setup with available measuring equipment. To verify the simulated results, the prototype of the mobile phased monopole antenna array has been constructed. The geometry of the prototype is shown in Fig. 9 . No feeding network has been constructed, and instead, each of the monopoles has its own cable of the same length. First, the antenna array prototype has been measured in the free space, as shown in Fig. 10(a) , and then it has been measured with the user, as shown in Fig. 10(b) . For the free space case the coordinate system is different from the simulations because the prototype has been rotated in order to get easier access to the cables. All of the measurements have been done in the anechoic chamber. The user has similar height as the phantom, but different build. Furthermore, the effects of the clothes have not been included in the simulations.
Then, it has been chosen to compare the radiation patterns of the simulated and measured antennas in the free space. The comparison of the measured and simulated patterns of the center element 4 and the edge element 8 are shown in Fig. 11 . The gain of the measured radiation patterns is on average 1 dB higher than the gain of the simulated radiation patterns. The edge element has a slightly different pattern than the center element, which is expected because of the edge effects. Usually, the measurement will have inaccuracies such as movement of the user under the measurement, different phone VOLUME 6, 2018 FIGURE 13. Plots of (a) total SD pattern of the array, (b) SAPR, and (c) SIAPR of the SD antenna array with the user.
grip, random effect of clothing. Furthermore, the phase is very challenging to control accurately at 28 GHz when measurements are done with the user. Even a small user movement will result in the phase error in the order of hundreds of degrees. Thus, the beamforming cannot be performed if the phase stability requirement is not satisfied. Because of the phase stability issue, only the measured SD patterns are considered in this section. The total SD patterns of the simulated and measured with the user antenna arrays are shown in Fig. 12 . The measured total SD pattern is more noisy and less power is present on the right side of the user (φ = 330 • ), because of the user's grip difference. However, the user's shape is still visible at φ = 270 • .
Finally, to investigate the performance difference of the simulated and measured antenna arrays with the user, it has been chosen to calculate coverage efficiency (Fig 13(a) ), SAPR ( Fig. 13(b) ), and SIAPR ( Fig. 13(c) ). In all of the figures, the simulation results follow the measurements very well. It has been chosen to compare the switch diversity array to the phased array low scan angle of 28 • because the highest SAPR and similar SIAPR for all of the scan angles of the phased antenna array can be observed for the small window sizes (Fig. 8(a) and Fig. 8(a) ). The curve for the low phased array scan angle of 28 • has also been added to the figures of coverage efficiency, SAPR, and SIAPR in Fig. 13 . The difference between the coverage efficiency curves for the switchable pattern array and phased array with 28 • scan angle is on average 5 to 10 % in Fig. 13(a) . The difference in coverage efficiency decrease for the high gains ≥7.5 dBi. In Fig. 13(b) the SAPR difference between phased array with 28 • scan angle and switchable pattern array is around 5 dB for the window sizes less than 30 • . The SIAPR of the phased array with the scan angle of 28 • is 5 dB higher than SIAPR of SD array for window sizes less than 40 • .
IV. CONCLUSION
In this paper, the switch diversity antenna array has been compared to the phased mobile antenna array with different scan angles by simulating and measuring in free space and with a standing user in data mode. The investigation has been done at 28 GHz. For the linear endfire phased arrays on the short edge of the ground plane it can be concluded that in order to achieve the highest coverage efficiency and lowest user shadowing it is always more beneficial to use phased array than the switched pattern antenna array. However, this is concluded based on the assumption that the combined losses of the phase shifters and feeding network is less than 5 dB.
The increase in coverage efficiency of up to 30 % at the gain of 7.5 dBi in the free space can be achieved if the phased array with a scan angle bigger than 90 • in comparison to the switch diversity array. The increase in coverage efficiency of up to 20 % at the gain of 7.5 dBi is expected when the antenna array is used by the user in data mode. However, scan angles bigger than 90 • does not increase the coverage performance dramatically. The SAPR and SIAPR for the window sizes less than 30 • are very similar for all of the chosen scan angles. In this case, most of the energy radiating from the antenna is blocked and only a small portion of the energy is scattered around the body.
The SAPR is on average 5 dB and SIAPR is 5 to 7 dB lower for the switch diversity antenna array than the phased antenna array. In practice, if the losses of the phase shifters and feeding network is higher than 5 dB the switch diversity antenna array can be used in the studied scenario, which will also decrease the complexity of a system. Finally, it can be noticed that the results may change with both antenna array location, radiation pattern direction (broadside or endfire) and body position (position of the mobile terminal with respect to the user's body).
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